Electrophoresis was used to study effects of salinity on the characteristics of Ca 2+ binding to the outer surface of plasma membrane (PM) of protoplasts isolated from two types of tobacco (Nicotiana tabacum L., cv. Bright Yellow) cultured cells that were adapted (tolerant) and unadapted (sensitive) to 50 mM NaCl stress. Electrophoretic analysis of salt-sensitive NaCl-unadapted cells shows that Na + induced an appreciably higher degree of reduction in the amount of Ca 2+ bound to PM compared with K + with increasing concentration from 0.1 to 30 mM. In salt-tolerant NaCl-adapted cells, however, both Na + and K + ions induced almost the same degree of reduction in the amount of Ca 2+ bound to PM in the physiological concentration range of Ca 2+ in the medium between 2 and 4 mM. These results suggest that, under the physiological conditions, PM of saltsensitive NaCl-unadapted cells has an appreciable amount of PM-bound Ca 2+ that is desorbed much easier by Na + than K + , whereas PM of salt-tolerant NaCl-adapted cells has the PM-bound Ca 2+ that can be equally desorbed by Na + and K + .
Introduction
It has been reported in a wide range of plant species that increasing the external level of Ca 2+ alleviated the toxic effects of high NaCl on plant growth (LaHaye and Epstein 1969 , Greenway and Munns 1980 , Kent and Läuchli 1985 . The mechanisms underlying such mitigative effects of Ca 2+ are not yet clear. Some authors suggested that external Na + ions may competitively displace Ca 2+ ions from binding sites on the outer plasma membrane (PM) surface. Cramer et al. (1985) suggested that this displacement of these bound Ca 2+ by Na + could be one of the primary responses to salt stress, leading to a disruption of membrane integrity and leakage of intracellular solutes. The mitigative effects of supplemental Ca 2+ may be related to the maintenance of membrane-bound Ca 2+ (LaHaye and Epstein 1969 , Cramer et al. 1985 , Lynch et al. 1987 , Colmer et al. 1994 , Yermiyahu et al. 1994 . However, no conclusive evidence for this hypothesis has been reported. Observations of Na + -induced displacement of membrane-associated Ca 2+ from cotton root hairs (Cramer et al. 1985) and maize root protoplasts (Lynch et al. 1987) do not seem conclusive, because Lynch and Läuchli (1988) reported that a fluorescent probe chlorotetracycline (CTC) was not an indicator of Ca 2+ bound to the outer PM surface but one of intracellular Ca 2+ . Recently, Yermiyahu et al. (1994) observed Na + -induced reduction in the amount of Ca 2+ sorbed to the PM vesicles of salt-sensitive melon root cells. However, they did not clarify whether their observed desorption of Ca 2+ by Na + occurred competitively and was specific to Na + ion.
In our previous paper (Murata et al. 1998a) , we found that Na + ions reduced approximately the same amount of Ca
2+
bound to PM of salt-tolerant barley mesophyll protoplasts as K + ions did, that is, Na + did not specifically decrease the amount of Ca 2+ bound to PM of salt-tolerant plants. These results seem to imply that the susceptibility of PM to Na + -specifically inducing desorption of membrane-bound Ca 2+ may be related to the degree of salt tolerance of plant species. Therefore, comparative studies using salt-tolerant and salt-sensitive plant cells would allow us to elucidate more clearly the significance of our results (Murata et al. 1998a ) in salt tolerance. However, there are no comparative studies on Ca 2+ binding to PM using salt-adapted (tolerant) and salt-unadapted (sensitive) plant cells.
We are interested in studying the way in which the characteristics of Ca 2+ binding on the PM surface and effects of Na + on the Ca 2+ -binding are altered during adaptation to salt stress. Such studies should provide important insight into the roles of Ca 2+ binding in salt tolerance. In this study, we measured the amounts of Ca 2+ bound to the outer surface of PM for NaCladapted and NaCl-unadapted tobacco cells using electrophoresis and compared effects of salinity (Na + ions) on Ca 2+ binding in NaCl-adapted cells with those in NaCl-unadapted cells. NaCl-adapted cells used here had acquired a higher degree of salt tolerance compared with NaCl-unadapted cells (Murata et al. 1998a , Murata et al. 1994b ).
Materials and Methods

Cell culture and preparation of protoplasts
Suspension-cultured cells (Nicotiana tabacum L., cv. Bright Yellow-2) that were unadapted and adapted to 50 mM NaCl salinity were cultured and maintained as described in our previous paper (Murata et al. 1994a) . Protoplasts were enzymatically prepared from NaCl-unadapted and NaCl-adapted cells that had been harvested after 3-5 d of culture, as described in our previous paper (Murata et al. 1994a ).
Electrophoresis
Electrophoretic measurements were made using an MK III microelectrophoresis apparatus (Rank Brothers, Cambridge, U.K.), with rectangular cell for MK II type furnished with Ag-AgCl electrodes in a constant-current mode at 20±1°C. The media for electrophresis contained 1 mM BES-Tris, sucrose, and 0-40 mM KCl or NaCl for study of effect of K + and Na + . The media used for study of Ca 2+ -binding were composed of 1 mM BES-Tris, 0.1 or 30 mM KCl (or NaCl), 0-4 mM CaCl 2 , and sucrose. The concentrations of sucrose in these media were calculated to give the desired osmolarity, 580 mM. The pH of the media, pH b , was adjusted by changing the concentration of Tris to keep the surface pH of protoplasts between 7.1 and 7.6. The surface pH of protoplasts, pH s , was calculated from an equation, pH s = pH b + Fz / 2.303RT, where F, R, T, and z are the Faraday, the gas constant, the absolute temperature, and the zeta potential, respectively, as shown in our previous paper (Obi et al. 1989 ). The measured electrophoretic velocity was converted into the electrophoretic mobility, then the zeta potential, z, and the surface charge density, s, were calculated using the Smoluchowski and Grahame-Gouy-Chapman equations, respectively. The surface concentrations of ions were calculated from the corresponding bulk concentrations using Boltzmann equation. Other details of the electrophoretic measurements and data analysis were described in our previous papers (Obi et al. 1989 , Murata et al. 1998a .
Results
Effects of Na + (and K + ) ions on the surface charge density
The surface charge density of protoplasts could be strongly affected by the binding (adsorption) of ions to the outer surface of PM (Obi et al. 1989 , Murata et al. 1998a ). The protoplasts from NaCl-adapted and NaCl-unadapted cells were electrophoresed in the media that contained NaCl or KCl in the absence of Ca 2+ . Na + and K + did not significantly affect the surface charge density (approximately -3 mC m -2 ) in the concentration range from 0 to 40 mM (Fig. 1 ). This indicates that Na + and K + (and Cl -) ions do not bind or negligibly bind to PM in the concentration range up to 40 mM for both NaCl-adapted and NaCl-unadapted tobacco suspension cells, as was for bar- ley mesophyll cells (Murata et al. 1998a ).
Effects of Na + (or K + ) ions on Ca
2+ -binding to the plasma membrane
The effect of Ca 2+ concentration on the surface charge densities of NaCl-adapted and NaCl-unadapted cells was examined in the presence of 0.1 mM or 30 mM Na + (or K + ). An increase of Ca 2+ concentration significantly reduced the surface charge density in all kinds of the media examined (P<0.02, where P denotes a significance level) (Fig. 2, 3 ). These results indicate that Ca 2+ binds to the outer surface of PM of NaCl-adapted and NaCl-unadapted tobacco cells in the presence of monovalent cations. An increase in the concentration of monovalent cation (Na + or K + ) from 0.1 to 30 mM significantly increased the surface charge density of both NaCladapted and NaCl-unadapted cells (P<0.05) (Fig. 2, 3) . These results suggest that Na + and K + ions could reduce the amount of Ca 2+ bound to the PM surface.
In order to obtain quantitative information on effects of Na + and K + on the amount of Ca 2+ bound to the outer PM surface and their changes, if any, during salt adaptation, the data given in Fig. 2 and 3 were analyzed on the basis of the multibinding site model derived in a previous paper (Murata et al. 1998a ). The assumption involved in the model that binding of ionic species other than Ca 2+ to the sites is negligible is justified in the present protoplast systems as evidenced by Fig. 1 . Figure 4 shows the plots of (,I/2F[Ca]) vs. (,I/2F) for the data given in Fig. 2 and 3 , where ,I and [Ca] are the change in the negative surface charge density and the surface concentration of Ca 2+ , respectively (for detail, see Murata et al. 1998a) . We analyzed the data on the basis of each of two models (Murata et al. 1998a ) which assume one and two kinds of Ca 2+ -binding site, respectively. The non-linear least-square fitting (Nakagawa and Oyanagi 1980) was employed to obtain the best-fit values of the binding parameters for each of the models. A minimum Akaike's information criterion (AIC) was used for statistical model identification (Akaike 1974) . The statistically better model was determined by comparison of the AIC values for the two models (for detail, see Murata et al. 1998a) . Table 1 summarizes the best-fit values of the binding parameters for the statistically better model. Here K j and G j are the binding constant and the fraction of the binding site j, respectively, and [S] t is the total amount of Ca-binding sites per unit surface area (for definitions of these parameters, see Murata et al. 1998a ).
The total amount of Ca 2+ bound to PM, [CaS] t , was calculated as a function of the bulk concentration of Ca 2+ , [Ca] b , from eq. 1 using the statistically better model and its parameter values:
where j=1 and G j =1 for the one-site model and j=1, 2 for the two-site model. The results of calculation are summarized in Table 2 .
Discussion
Physiological significance of Ca 2+ -binding to the plasma membrane
When we discuss differences in Ca 2+ binding between NaCl-adapted and NaCl-unadapted cells, it seems convenient to use the following two normalized quantities: (1) Table 2 ). The latter can be considered to indicate the proportion of the amount of membranebound Ca that can be desorbed by Na + but not by K + to that of membrane-bound Ca that can not be desorbed by K + . Namely, this gives a measure for the degree of Na + -specifically inducing desorption of membrane-bound Ca. The values of these quantities are also summarized in Table 2 .
Since NaCl-adapted and NaCl-unadapted cells were maintained in their culture media containing 3 mM CaCl 2 , first let us consider the Ca 2+ -binding behavior in the concentration range of Ca 2+ between 2 and 4 mM. In case of more salt-sensitive NaCl-unadapted cells, the magnitude of the normalized Na + -induced Ca 2+ -desorption (,[CaS] t (,C Na )) was significantly larger than that of the normalized K + -induced Ca 2+ -desorption (,[CaS] t (,C K )) (P<0.05). In addition, the normalized difference (,[CaS] t (K-Na)) was 0.41-0.46 at 30 mM monovalent cations and 0.16-0.23 at 0.1 mM monovalent cations (these values of the differences were statistically significant at a significance level of 5% or less, except for 0.16 obtained at 4 mM Ca 2+ and 0.1 mM monovalent cations (P<0.1)). These results suggest (1) that, with increasing concentration from 0.1 to 30 mM, Na + could induce a higher degree of desorption of membrane-bound Ca 2+ from the PM of NaCl-unadapted cells compared with K + , and (2) that the PM of NaCl-unadapted cells has a significant amount of membrane-bound Ca 2+ that can be desorbed by Na + but not by K + . However, more salt-tolerant NaCl-adapted cells gave almost the same values of the normalized Na + -induced (, [CaS] t (,C Na )) and K + -induced Ca 2+ -desorption (, [CaS] t (,C K )) and negative values of the normalized difference (,[CaS] t (K-Na). These results suggest that both Na + and K + could induce almost the same degree of desorption of membrane-bound Ca 2+ from the PM of NaCl-adapted cells and that the PM of NaCl-adapted cells has no such membranebound Ca 2+ that can be desorbed by Na + but not by K + . In other words, salinity (Na + ) could only nonspecifically desorb Ca 2+ from the PM of NaCl-adapted cells. In conclusion, we state that, under the physiological conditions, the PM of (salt-sensitive) NaCl-unadapted cells has an appreciable amount of membrane-bound Ca 2+ that can be specifically desorbed by Na + , (Murata et al. 1998a) ) using the values of the parameters shown in Table 1 . whereas the PM of (salt-tolerant) NaCl-adapted cells has no such membrane-bound Ca 2+ that can be specifically desorbed by Na + . In this context, it seems interesting to note our previous findings (Murata et al. 1998a ) that the PM of salt-tolerant barley mesophyll protoplasts has no such membrane-bound Ca 2+ that can be specifically desorbed by Na + , as demonstrated more clearly by the recalculation of D[CaS] t (DC j ) (j=Na, K) and D[CaS] t (K-Na) from the previous data (see also Table 2 ). Thus, it seems important in salt tolerance that the PM has no membrane-bound Ca 2+ that can be specifically desorbed by salt stress (Na + ).
When [Ca] b was lower than 1 mM, the magnitude of the normalized Na + -induced Ca 2+ -desorption (D[CaS] t (DC Na )) was significantly larger than that of the normalized K + -induced
in NaCl-adapted cells as well as NaCl-unadapted cells (Table 2 ) (P<0.05). These results may suggest that, under low Ca 2+ conditions, Na + could specifically induce desorption of Ca 2+ even from the PM of NaCl-adapted cells and, consequently, may lead to the growth inhibition of NaCl-adapted cells. Growth measurements showed that NaCladapted cells did not grow at 1 mM (or less) Ca 2+ under salt stress (50 mM NaCl) (data not shown). These results are consistent with the previous observations that effects of salt stress are much more serious under lower Ca 2+ conditions. Cramer et al. (1985) and Lynch et al. (1987) concluded that Na + could competitively displace Ca 2+ from the binding sites on the PM of root cells of salt-sensitive plants. However, their conclusions do not seem conclusive, because they em- (Murata et al. 1998a However, it is difficult to understand why Na + could desorb Ca 2+ from the PM surface without any binding of Na + to PM. Our data given in Fig. 1 exhibit a significant degree of variance and, consequently, they can not exclude the possibility that PM of tobacco protoplasts has small number of Nabinding sites with a large affinity for Na + to which Na + binding could affect the binding affinities of Ca 2+ for the Ca-binding sites on PM.
Although our results suggest that the membrane-bound Ca 2+ that is unable to be desorbed specifically by Na + may play an important role in salt tolerance, it is still unclear how these membrane-bound Ca 2+ ions are involved in the physiological mechanisms of salt tolerance. We reported that extracellular Ca 2+ may partially mitigate the toxic effects of high salinity by inhibiting the activity of the outward rectifying K + channel in PM of tobacco cells and that the interaction of extracellular Ca 2+ with the K + channel may occur at the sites on the extracellular face of the channel protein (Murata et al. 1998b ). However, further studies are necessary to clarify how the Ca 2+ -binding behavior observed here is related to the Ca 2+ -regulation of the K + channel described above.
In conclusion, under physiological conditions, Na + did not specifically reduce the amount of Ca 2+ bound to the PM of NaCl-adapted tobacco cells but specifically desorbed the membrane-bound Ca 2+ from the PM of NaCl-unadapted cells and such alterations in the Ca 2+ binding during adaptation to salt stress could contribute to salt tolerance of NaCl-adapted cells.
